Radiofrequency ablation (RFA) is a promising tumor treatment in clinics, but its use is limited given the high post-RFA recurrence rate. To overcome tumor relapse, RFA needs to be used in combination with a long-lasting treatment. Obviously, the focal injection of antitumor drugs is capable of increasing the effective treatment period. Nano drug delivery systems (NDDS), which allow for a controlled and slow release of drugs, provide a promising strategy to overcome post-RFA tumor recurrence. Our results showed a clear transit area, between the non-ablation tumor area and the ablation necrotic area, indicative of apparent histopathological partition. Focal injection of the NDDS in combination with focally-injected carbomicin (CBMC) is an effective assistant treatment for RFA, as it increases efficiency and inhibits tumor relapse. Focally injected CBMC is a novel strategy which overcomes the disadvantages of RFA and may even cure it.
Introduction
Cancer is a worldwide disease. According to a statistical analysis conducted by the American Cancer Society, cancer is estimated to result in 580,350 patient deaths in 2013. Globally, approximately 1,600 people are diagnosed with cancer each day, which is an estimated 1,660,290 new cancer cases per year [1] . Despite the efforts to treat cancers, the 5-year survival rate of 68% for all cancers diagnosed between 2002 and 2008 is still low. For this reason, we need to continue our efforts to find more effective cancer treatments and to reduce mortality rates in clinical practice. Radiofrequency ablation (RFA) is a local thermal damage-based minimally invasive treatment and has, since its first use in 1993 by Rossi et al. [2] , slowly gained traction in the research community. RFA treatment is characteristic of only slight trauma, light postoperative pain, quick recovery, strong repeatability, wide indications etc. Furthermore, the RFA treatment effect is comparable to that obtained with surgical resection. At first, RFA was mainly used for the treatment of primary liver cancer or liver metastasis caused by other tumors [3] . Recently, along with the clinical application, RFA has been used to treat various types of cancers, including kidney cancer, lung cancer, breast cancer, and colorectal cancer [4] [5] [6] [7] . However, clinical practice has highlighted some shortcomings of RFA, one of which is its high postoperative recurrence rate. How to subdue these relapses has become the main concern for practitioners.
The principle of RFA treatment is to produce a quick-returned, alternating RF electric field in the local tumor. This stimulates ions to quickly move back and forth inside the RF electric field, thereby generating heat through friction and producing a local high temperature. The latter, in turn, will induce coagulative necrosis of the tumor tissue [8] . Based on the temperature distribution and histopathological changes in the tissue during the process of radio frequency, there are four treatment areas: the application area, the central area, the transition area, and the reference area [9] . The application area and the central area feature the highest temperatures, ranging between 60-300 °C. Because these temperatures can instantly kill tumor cells, this is also referred to as the direct damage effect. The temperature in the transition area reaches 42-60 °C. This inactivates partial enzymes and damages mitochondria and other organelles. Cancer cells in this area are subject to indirect damage effects and exert apoptosis. The reference area is not significantly affected by the temperature (< 42 °C) and would not induce cell death [10] . The scope of direct damage by RFA is, therefore, determined by the tissue volume obliterated by the high temperature. The surviving cells, within the transition zone, and the intact tumor cells, in the reference zone and beyond, constitute the RFA postoperative residual tumor and are believed to be the main cause of tumor recurrence. Based on the principles of post-RFA recurrence, we propose two strategies to overcome post-RFA recurrence. One could either simply expand the scope of ablation, thereby reducing the number of residual tumor cells, or one use other methods in conjunction to inhibit the proliferation of the residual tumor cells.
Local injection of therapeutic agents is widely used in cancer treatment as an assistant chemotherapy to clear the residual cancer cells [11] [12] [13] and reduce the prevalence of post-operation relapses [14] [15] [16] [17] [18] . One can argue that the principles of such local injections are also applicable to RFA treatment. If anti-tumor drugs were injected in the RFA focuses, a synergistic effect of the drugs and RFA could be obtained. Recently, it has been noted that the residence time of drugs in the therapeutic site is also an important factor to consider when improving the drug effect [14, 18, 19] . So, in order to increase the effectiveness of the therapeutic agent, one has to establish its effective concentration as well as its residence time. However, thus far, focally injected molecular drugs have not usually maintained an effective concentration for a sufficient amount of time as they are easily absorbed into the blood and lymph capillaries surrounding the RFA focus. Controlled-release nano drugs [28] [29] [30] are larger [20] [21] [22] [23] [24] than the vascular endothelial pores and gaps of the blood and lymph capillaries [25] [26] [27] . Nano drugs are also characterized by an outstanding residence time in the target tissues [31, 32] . They are therefore promising candidates for assistant chemotherapy of RFA. This research studied the treatment effects of RFA in combination with focally-injected carbomicin (CBMC), a nano drug with activated carbon nanoparticles (ACNP) as carriers for mitomycin C (MMC) [33] . CBMC has previously been used successfully to treat stomach cancer due to an increased residence time in peritoneal and lymph tissues following an intraperitoneal injection [34] .
Experimental

Instruments and materials
ACNP with a mean diameter of 250 nm were made from medical carbon [35] 
Preparation and characterization of ACNP and CBMC
ACNP were prepared as described elsewhere by ball milling, suspension-precipitation, and freeze drying [36] . To make CBMC, the prepared ACNP was mixed with MMC in a 5:1 mass ratio in triple distilled water.
The mixture was placed in an ultrasound field for 20 min, allowing the MMC to be fully absorbed into the mesopores of the ACNP. Afterwards, high-speed centrifugation was used to remove the unabsorbed MMC. The precipitate was freeze-dried to obtain CBMC powder and was stored at 4 °C for future use. The supernatant of unabsorbed MMC was analyzed by HPLC to estimate the uptake of MMC by the ACNP. CBMC drug loading was calculated using the formula Q = (C 0 -C s )V/M, where Q is the drug loading; C 0 and C s are, respectively, the MMC concentration at the start and end of adsorption (mg/mL); V is the volume of the adsorption system (mL); and M is the mass of ACNP (mg). By manipulating the ACNP to MMC ratio, CBMC with a drug loading of 0.2 was obtained. Transmission electron microscope and atomic force microscope (AFM) were used to observe the particle size and shape of the prepared CBMC [41] . A laser granularity scatterometer was used to measure the hydrodynamic diameter of CBMC. In order to determine drug release kinetics, 200 mg CBMC was added to 100 mL of tissue fluid obtained by collecting the supernatant of the high-speed centrifuged (20000 rpm, 10 min) tumor tissue homogenate. The MMC concentration in the tissue fluid was determined at different time points after adding CBMC, and the residual drug loading at time t(Q t ) was calculated as Q t = (MQ 0 -VC t )/M, where M is the mass of ACNP; Q0 is the drug-loading at the start of the release; V is the volume of tissue fluid; and Ct is the MMC concentration at time t. A drug loading-time (Q-T) curve was obtained by plotting the drug loading against time. The drug release was simulated with first order kinetics. The release constant (k) was calculated as k = 2.303 (logQ 0 -logQ t )/t, and the half-releasing time (t 1/2 ) was calculated as t 1/2 = 0.693/k.
Establishing cancer models
Human stomach cancer BGC-823 cells were cultured in high glucose Dulbecco's modified Eagle medium containing 10% fetal bovine serum in an atmosphere of 5% CO 2 at 37 °C. The culture medium was changed every two days. At the logarithmic growth phase, the cells were digested with 0.15% trypsin. The digested cells were collected and re-suspended in culture medium and the cell concentration was adjusted to 2 × 10 6 /mL. Of this cell suspension, 0.2 mL (4 × 10 5 cells) was injected beneath the skin, in the armpit of the nude mice. The tumor formation was monitored every day and tumor-bearing mice were used in our experiments. A vernier caliper was used to measure the length (a) and width (b) of the tumor body, and the tumor volume (TV) was calculated as V = a × b 2 /2, indicating the tumor size. The actual size of the tumor reported equated to the total size minus the scab size.
Experimental groups
Thirty tumor-bearing nude mice were randomly divided into five groups: A blank control group, an RFA only group, an RFA+ACNP group, an RFA+MMC group and an RFA+CBMC group. In the RFA only group, RFA was performed without drug treatment. In the RFA+ACNP group, 5 mg/kg ACNP (corresponding to the quantity of ACNP contained in CBMC) was injected into the RFA focuses immediately after RFA treatment. In the RFA+MMC group, 1 mg/kg MMC (corresponding to the quantity of MMC contained in CBMC) was injected into the RFA focuses immediately after RFA treatment. In case of RFA+CBMC, 6 mg/kg CBMC, containing 5 mg ACNP and 1 mg MMC, was injected into the RFA focuses immediately after RFA treatment. In addition, the blank control group did not receive any treatment.
In vivo RFA of tumors
RFA treatment was applied when the minimum diameter of the subcutaneous transplantation tumor reached 1.5 cm. The mice were anesthetized by intraperitoneal injection of 0.004 mL/g of 10% chloral hydrate. After anesthesia, the mice were fixed on the electrode plate and care was taken that there was no insulation material between the electrode plate, the nude mice, and the RF needle. Alcohol cotton balls were used to disinfect the tumor position and the RF needle. The RF frequency was set at 500 kHz and the power at 5 W. The upper limit of the temperature was 70 °C. After the RF conditions were set, the RF electrode was inserted along the vertical axis into the tumor center and connected to the power supply. When the RF temperature reached 60 °C, the timing for ablation commenced. The mice received 2 min of ablation therapy. The RFA mice were put back into the cage and kept warm until they were awake.
Drug treatment of tumors in combination with RFA
MMC was dissolved in normal saline at a final concentration of 1 mg/mL. ACNP and CBMC were also suspended in normal saline at respective concentrations of 5 mg/mL and 6 mg/mL. As a result, the liquid volume injected into the RFA focuses was the same for all experimental groups (1 mL CBMC contained 5 mg ACNP and 1 mg MMC). Before injection, the ACNP and CBMC suspension was vortexed. As mentioned above, the various drugs were focally injected immediately after RFA treatment. This injection was carried out with a microsyringe along the route of the RF electrode and penetrated to the same depth. The drugs were injected in bolus in the center of the RFA focuses.
Monitoring of tumor growth after RFA
Following RFA of the nude mice, tumor length (a) and width (b), together with the length (a1) and width (b1) of the ablation zone, were measured on days 0, 3, 9 and 15. TV (tumor volume) and the ablation volume (AV) were calculated as V (mL) = a × b 2 /2 (cm 3 ). Tumor growth curves (TGC) were drawn by plotting TV against time. Ablation volume ratios (AVR) were calculated as AVR(%) = AV/ TV before RFA × 100%, and the anti-tumor rate (%) = (1-TV of the treatment group/TV of the control group) × 100%.
Histopathological observation of post-RFA tumor
On days 0, 3, 9 and 15 after RFA, the tissues from the edge of the RFA focuses were sampled and fixed in 4% paraformaldehyde for 24 hours. Following dehydration, they were embedded, sectioned, dewaxed, dyed and section sealed. Next, hematoxylin and eosin (HE) stain was used to observe histopathological changes in the samples under a light microscope. Pictures were collected with an Olympus digital section workstation.
Immunohistochemical detection of tumor cell proliferation and apoptosis
The paraffin sections of the biopsy samples were dewaxed, hydrated and rinsed in phosphate buffered saline using a routine method. Rabbit anti-caspase 3 and rat anti-proliferating cell nuclear antigen (anti-PCNA) antibody dilutions were added and incubated overnight at 4 °C. On the next day, the sections were rinsed in phosphate buffered saline before adding goat anti-rabbit rhodamine and sheep anti-rabbit FITC for another hour at 37 °C. The sections were again rinsed in phosphate buffered saline, dyed with DAPI, and sealed with fluorescence quenching tablets. The slides were analyzed with a fluorescent microscope and the pictures were collected with an Olympus digital section workstation.
Statistical method
The data were processed with SPSS19.0 statistical software and the results were expressed as the means ± standard deviation. Based on one-way analysis of variance, p < 0.05 was considered to be of statistical significance.
Results and Discussion
Characterization of CBMC
Observations of the ACNP preparations with an AFM showed spherical particles with a mean particle size of 240 nm and an aspecific surface area of 1400 m 2 /g ( Fig. 1(a) ). The mean hydrodynamic diameter of ACNP is 250 nm (Fig. 1(b) ), which is slightly larger than estimated by AFM. Further, ACNP had densely distributed micropores of 1-5 nm (Fig.  1(c) ), which were visible on the particle surface with a transmission electron microscope ( Fig. 1(d) ). These micropores formed the structural foundations for the adsorption and release of MMC. The drug loading of CBMC was 0.2. Drug release C-t curves of CBMC are shown in Fig. 1(e)-(g) . The data showed that for 2000 mg CBMC in 100 mL of tissue fluid and a surrounding blood flow of 4 μL/s, the drug release rate constant was 4.06 × 10 -8 and the half-life of the drug release was 1.71 × 10 7 s (± 198 days). At different doses, CBMC drug-releasing curves were identical in shape, with the same drug release constant and half-life, even though the total MMC in the system was significantly different ( Fig. 1(e) ). In spite of the difference in doses, there was only a slight difference in the concentration of free MMC ( Fig. 1(f) ), reflecting the ability of CBMC to control the MMC concentration. Compared to free MMC, the residual drug loading of CBMC was strongly influenced by the doses (Fig. 1(g) ), suggesting that CBMC maintained the MMC concentration by releasing more MMC into the tissue fluid when the MMC concentration decreased. Although CBMC could control the release of MMC, lower doses had a short effective concentration keeping time (ECKT, Fig. 1(g) ). Taken together, the dose of CBMC was shown to significantly influence MMC ECKT but not the concentration of MMC that is released. This mechanism clearly requires further studies.
Stomach cancer models and the growth of tumors
Stomach cancer models were successfully established by implanting human stomach cancer cells beneath the armpit skin of nude mice. By day seven, the tumors were clearly visible in the cell injection site. By day 14 after implanting, the tumor size had increased to 1.5 cm in minimal diameter, which is when the mice models were used for our study.
The effects of the drug treatment on the RFA damage ratio
RFA had excellent temporary therapeutic effects as shown in Fig. 2 . Within one day after RFA, the tumor completely disappeared and a scab had formed over the RFA focuses (Fig. 2) . The tumor ablation volumes of nude mice following the treatment are shown in Fig. 2 . One day after RFA, the damage volume ratio was 22.18% in the RFA only group, 24.92% in the RFA+ACNP group, 45.36% in the RFA+MMC group, and 78.79% in the RFA+CBMC group. As expected, the tumor damage volume ratios for the RFA + CBMC and RFA+MMC groups were significantly greater than for the RFA only and RFA+ACNP groups (p < 0.05). In addition, the tumor damage volume ratio for the RFA+CBMC group was significantly higher than for the RFA+MMC group (p < 0.01). These results indicated that the post-RFA focal injection of drugs synergistically increased the therapeutic effects.
The effects of the drug treatment on post-RFA tumor recurrence
Because the model mice were kept alive following the treatment, tumors relapsed and gradually grew from the edge of the post-RFA scab. Tumor recurrence was assessed at 15 days posttreatment. In RFA only treated mice, multiple small residual tumors fused to form a new large irregular tumor surrounding the scab (Fig. 3) , indicating the relapse of the tumor after RFA. Similar sizes of post-RFA recurring tumors were observed in the RFA+ACNP group, indicating that the ACNP treatment in combination with RFA did not significantly impact the tumor relapse. In the RFA+MMC group, however, the recurrent tumors were smaller than in the RFA only group (p < 0.05; Fig. 4 ), indicating that MMC in combination with RFA had some inhibitive effect on tumor recurrence. In the RFA+CBMC group, the sizes of post-RFA recurrent tumors were even smaller than those in the RFA+MMC group (p < 0.05; Fig. 4 ), implying that CBMC was a (Fig. 4) confirmed that CBMC was more effective than MMC. Between days zero and three posttreatment, the tumor growth curves of RFA+MMC and RFA+CBMC were similar. From day six onwards, their tumor growth curve became more distinct as the tumor size of the RFA+MMC group started to increase at a similar rate as observed in the RFA only and RFA+ACNP groups while tumor growth was almost negligible for the RFA+CBMC group. By day 15, no newborn tumors appeared around the RFA focus in two out of six model mice treated with RFA+CBMC. Amazingly, one of the RFA+CBMC treated model mice had a small tumor at the edge of the scab which continued to decrease in size, and nearly disappeared by day 15 (Fig. 4, arrows) . This recovery was accompanied by the growth of normal surrounding tissues towards the center of the RFA focuses. Despite its rarity, this phenomenon should not be neglected. Taken together, the above results indicated that only the concomitant treatment of RFA and CBMC had a significant inhibitory effect on post-RFA recurrent tumors. Fig. 5 shows the results of our histopathological observations. In the HE-stained sections of the RFA only and the RFA+ACNP group, there was a large number of necrotic cell fragments at the center of the RFA focuses and residual tumor cells could be seen in the surrounding transition tissues on day one after RFA. Three days after the treatment, the cell fragments in the RFA center had decreased and more proliferative tumor cells were seen in the transition tissues. By day nine, the tumor cells had actively proliferated and began to migrate toward the RFA focuses. Finally, 15 days posttreatment, large tumor cells migrated to the RFA focuses, the transition area disappeared, and cancer nests were formed at the edge of RFA focuses (Fig. 5, arrows) and were accompanied by the macroscopic fusion of tumors. In the HE-stained histopathological sections of RFA+MMC treated mice, there were less residual tumor cells in the surrounding tissues compared to the RFA only group on the first day post-RFA. With time, the proliferation of residual tumor cells was as profound as in the RFA only group and cancer nests were formed (Fig. 5, arrows) . On day 15, there were no significant histopathological differences between the RFA+MMC group and the RFA only group. In the HE-stained histopathological sections of RFA+CBMC treated mice, the number of residual tumor cells was the same as in RFA+MMC mice on day zero. However, with time, the number of proliferative tumor cells decreased in RFA+CBMC treated mice in comparison to any other treatment group, and also no cancer nests were formed (Fig.  5 ). These results explain histopathologically why RFA+CBMC treated mice had the smallest number of recurrent tumors out of all experimental groups.
Histopathological observations after RFA
Immunohistochemical staining with apoptotic and cell proliferation markers after RFA Fig. 6 shows immunohistochemical staining of tissues with apoptotic and cell proliferation markers following RFA. Caspase-3 is a commonly used apoptosis marker; red immunofluorescence of the tissue meant that it was rhodamine anti-caspase-3 positive, thereby identifying the apoptotic cells. There were a large number of apoptotic cells on day one following RFA. Their numbers significantly decreased by day three and almost disappeared in the RFA only and RFA+ACNP treated mice. In the RFA+CBMC treated mice, there were more apoptotic tumor cells at any given time. In the RFA+MMC group, there were more apoptotic cells than in the RFA only group one day after the treatment. These differences were no longer observed on the subsequent days. PCNA is a marker for cell proliferation and positive staining identifies actively proliferating cells. Immunological staining revealed that the number of proliferating cells gradually increased and that, with time, they migrated towards the inside of the RFA focus (Fig.  6) . The most active proliferating tumor cells were observed in the RFA only and RFA+ACNP groups, while tumor cells in the RFA+CBMC mice were least proliferating. The extent of tumor cell proliferation in the RFA+MMC group was between that observed in the RFA+CBMC group and the RFA only group. The immunohistochemical staining presented in this study, therefore, indicated that both MMC and CBMC act synergistically with the RFA treatment. However, the effect of MMC was only temporary whereas CBMC was able to inhibit the post-RFA recurrence of tumors.
The results furthermore suggested that the stimulation of apoptosis and the concomitant suppression of tumor cell proliferation are key to preventing post-RFA tumor relapse when co-administered with CBMC.
Conclusions
The RFA technology has recently been successfully used for the treatment of liver cancer, lung cancer, pancreatic cancer, as well as other solid tumors in adrenal glands, kidneys, and breasts [6] . However, RFA also has some limitations as a tumor therapy [37] . Due to its irregular and invasive features, the tumor growth will lead to incomplete tumor ablation and, because any residual tumor tissue can rapidly grow when in a nutrient-rich environment (blood supply), tumor relapses are often experienced. Some researchers have even suggested that RFA treatment could stimulate the rapid growth of incomplete ablated tumor cells. Our in vitro study showed that RFA does not stimulate cell growth around the ablation focus [38] . The data, therefore, confirmed that incomplete ablation is the principal cause of post-RFA tumor recurrence.
To improve the RFA treatment and prevent residual tumors from growing, this study used the mesoporous ACNP to adsorb MMC and developed a nano drug delivery system (NDDS) where ACNP acts as the carrier of the MMC drug. ACNP was chosen because of its; longevity in target tissues [36] ; large drug loading capacity, due to their graphene composition [39] and the tortuous nanopores deepening into the core of the particles; wide adsorption spectrum and great inner absorption area [37] ; and nontoxicity [40] . MMC is a proven effective anticancer drug [35] capable of almost completely killing the human stomach cancer BGC-823 cells. Its clinical use is however limited due to its short in vivo half-life [41] and toxicity [41] , making MMC a highly effective candidate to use concomitantly with RFA.
The experimental results suggest that focally injected CMBC could increase the RFA scope and inhibit the post-RFA tumor growth more effectively than when MMC is injected directly. Although the detailed mechanism remains unclear, the positive effects of CBMC are attributed to its slow release of MMC cargoes over a long period of time. Consequently, an effective MMC concentration can be maintained and suppress the growth of residual tumor cells in the RFA focus. A well-known mechanism for injected nano drug delivery systems (NDDS) to increase the drug concentration in tumors is the enhanced permeability and retention (EPR) effect [26] . The basic principle of the EPR effect is that NDDS can enter the tumor tissues through the vascular capillary endothelial pores and gaps and that, once entered, they become less prone to reversely diffusing back to the blood circulation. NDDS are thus retained in the tumor tissues where they can slowly release their drug cargoes [26] . In the study presented herein, we took advantage of the ACNP characteristics, one of them being that ACNP is larger (250 nm) than the vascular endothelial pores and gaps, and used it to carry MMC. After RFA, the blood vessels and lymphatic vessels at the edge of the focus become coagulated. As a result, the focally injected CBMC was able to release its cargo without MMC immediately dissipating into the bloodstream. This slow and steady release of MMC then continually inhibited post-RFA tumor recurrence. As already highlighted, MMC is a small molecule drug and is easily absorbed into the blood circulation. Therefore, when not applied as an NDDS, MMC cannot maintain its concentration in the RFA focuses for as long as CBMC. For this reason, the capillary endothelial pore and gap size was used as a guide for this study to choose the NDDS to be used in conjunction with RFA, which is in agreement with the literature [31, 32, 34] .
The key for NDDS to inhibiting tumor recurrence after RFA was the slow release of the drugs into the tumor tissue and maintenance of the drug concentration at an effective level over a long period of time. This study demonstrated that CBMC has a very small drug release rate constant and a very long half-life in tumor tissue liquid. CBMC, therefore, has all the requirements to inhibit tumor recurrence effectively after RFA treatment. Compared with CBMC, free MMC also has a certain therapeutic effect on tumor recurrence after RFA treatment. Particularly at the early stages following treatment, the response to free MMC was similar to CBMC in terms of curbing recurrence and growth of the tumor. However, the tumor sizetime (S-t) curve of free MMC steepened and separated from the S-t curve for CBMC between days nine to 15 posttreatment. These observations confirmed that the effectiveness of CBMC on post-RFA tumor recurrence is linked to the slow release and the longterm maintenance of an effective concentration of the therapeutic agent.
To conclude, our research provided proof that the tumor recurrence after RFA is due to hyperplasia of residual tumor cells. We also demonstrate that focal injection of anti-tumor drugs, particularly as NDDS, can shape the future of RFA.
